Introduction
Physical structure of the bacterial genome has been known to be highly conservative during evolution in many cases such as in Escherichia coli and Salmonella, in which genomic comparisons were possible by linkage analysis (Taylor and Thoman 1964; Sanderson and Demerec 1965) , physical mapping (Kohara, Akiyama, and Isono 1987; Smith et al. 1987; Liu and Sanderson 1992; Wong and McClelland 1992) , and sequencing (McClelland et al. 2001 Parkhill et al. 2001; Deng et al. 2003) . Escherichia coli and Salmonella have diverged for over 100 MYR (Ochman and Wilson 1987; Doolittle et al. 1996; Feng, Cho, and Doolittle 1997) but their genome structures remain highly similar (Krawiec and Riley 1990; Liu, Hessel, and Sanderson 1993) . Within Salmonella, the conservation is even higher: strains across all eight major Salmonella subgroups usually have a common genome structure (Liu et al. 1999) . However, a small number of Salmonella serovars are puzzling exceptions in that they have remarkably diverse genome structures, with the DNA segments being rearranged in many different ways, as observed in Salmonella typhi (Liu and Sanderson 1996; Kothapalli et al. 2005 ) and some other host-adapted Salmonella pathogens (Liu and Sanderson 1998; Liu et al. 2003) . We speculated that rearrangements leading to genome plasticity in these bacteria might reflect or contribute to some special evolutionary processes in the creation of new pathogens.
Previously, in an attempt to correlate genome rearrangement with any other genomic features for clues that might give insights into the phenomenon, we compared the genome maps between S. typhi and other Salmonella serovars that have stable genomes. Most outstanding of the few extraordinary genomic features that we found in S. typhi was a large insertion (Liu and Sanderson 1995b) , later identified as Salmonella pathogenicity island SPI7 with a size of 134 kb (Parkhill et al. 2001; Nair et al. 2004) . We postulated that this insertion, while presumably conferring phenotypic benefits to the bacteria, would nevertheless disrupt the physical balance of the circular genome between origin (ori) and terminus (ter) of DNA replication, delaying the completion of DNA replication cycles and slowing the bacterial growth Sanderson 1995b, 1995d) . Based on this postulation, we hypothesized that a physical balance between ori and ter would normally exist on the bacterial genome for simultaneous completion of DNA replication in the two directions, and rearrangement of genomic DNA segments would help reestablish the balance once it is disrupted (Liu and Sanderson 1995d) . The first half of this hypothesis has gained substantial support from genomic sequence analyses in numerous bacteria, such as Haemophilus influenzae Rd (Fleischmann et al. 1995) , E. coli K12 (Blattner et al. 1997) , Salmonella typhimurium LT2 (McClelland et al. 2001) , and Salmonella paratyphi A , which all have the circular genome divided into equal halves by ori and ter. Consistent with the hypothesis, bacteria with a balanced genome do not exhibit rearrangement, as demonstrated by a uniform genome structure among populations of S. typhimurium (Liu and Sanderson 1995c ) and of S. paratyphi A (Liu and Sanderson 1995a) . Wavelet analysis also reveals a general tendency of the bacterial genomes toward a physical balance between ori and ter (Song, Ware, and Liu 2003) . On the other hand, the sequenced S. typhi strains indeed have unbalanced genomes (Parkhill et al. 2001; Deng et al. 2003) as predicted Sanderson 1995d, 1996; Liu et al. 1999) . In this study, we test the second half of the hypothesis, that is, genome plasticity is a result of rearrangement, which occurs in bacteria with unbalanced genomes and plays a key role in rebalancing the bacterial genome.
Materials and Methods

Bacterial Strains
A total of 127 wild-type strains were analyzed in this study, including the reference strains Ty2 and CT18 (table 1) . These strains were stocked at the Salmonella Genetic Stock Center, and strain information can be obtained at http://www.ucalgary.ca/;kesander/ or from the author.
Isolation, Endonuclease Cleavage, and Electrophoresis Separation of Bacterial Genomic DNA Bacteria were embedded in agarose for DNA isolation to avoid the shearing force to break the genome, as described previously . Endonuclease cleavage with I-CeuI and AvrII and separation of the cleavage fragments by pulsed field gel electrophoresis were also described previously Liu and Sanderson 1995b) .
Mapping of ori and ter on the Genome of S. typhi Strains Genome maps were made for S. typhi wild-type strains by the procedure as reported (Liu and Sanderson 1995b , 1995d and compared with those of Ty2 (Liu and Sanderson 1995b; Deng et al. 2003) and CT18 (Parkhill et al. 2001) . Locations of ori and ter were determined for S. typhi strains based on their physical distances to the conservative endonuclease cleavage sites, movements of which resulting from rearrangements could be revealed by comparison with Ty2 or CT18. Specifically, location of ori can easily be determined by its proximity to rrnC, which can be conveniently localized by I-CeuI, and this physical distance is highly conservative in all sequenced Salmonella and E. coli strains. In contrast, ter covers a rather broad genomic region, including terA, terB, terC, terD, terE, terF, etc, and others such as tus and dif. Our work requires an accurate site of DNA replication termination for calculating the genome balance status. In Ty2, a site in the ter region that is 1,544 kb clockwise from thr is where the C/G distribution switches polarity (Deng et al. 2003) ; we used this site as ter in the analysis of the wild-type S. typhi strains in this study. (Liu and Sanderson 1996; Kothapalli et al. 2005) . Subtypes: a, I-CeuI A being oriented as in Ty2; b, I-CeuI A being oriented as in CT18; c, I-CeuI C being oriented as in Ty2 and CT18 (this fragment takes the same orientation in both Ty2 and CT18); and d, I-CeuI C taking the opposite orientation; see the text for more details. b CW, clockwise on the genome map; CCW, counterclockwise on the genome map.
Transcytosis to Select for S. typhi Cells with Better Balanced Genomes
The procedures were described by Finlay et al. (Finlay and Falkow 1990) . Briefly, S. typhi cells were inoculated on top of Caco2 human intestine cell monolayer, which had been grown at 37°C in RPMI 1640 supplemented with 10% fetal calf serum with 5% CO 2 on the mesh of transwell culture plates (Finlay and Falkow 1990) . Periodically, tissue culture medium beneath the monolayer was sampled by spreading onto Luria-Bertani (LB) agar plates to detect the existence and number of bacteria that had passed through the Caco 2 cell monolayer.
Growth Rates of S. typhi Strains
Bacterial cells were grown in LB broth overnight at 37°C with vigorous shaking. This overnight culture was 1:2000 diluted and transferred to Klett flasks. Following incubation for 1 h, the culture was further 1:100 diluted and optical density (OD) reading was taken immediately. After every 10 min, the OD reading was taken until the stationary phase was reached. The growth rates were calculated according to the OD readings, expressed as Klett units, with one Klett unit being equivalent to 10 6 cells. The generation time was determined by comparing bacterial cell numbers at two time points of the exponential growth phase. When the Klett units expressed as log cell numbers and the times (in minutes) of the readings were plotted on a semilogarithmic graph, generation time of the bacteria was calculated by the formula:
Generation time ðgÞ 5 0:301ðT 2 ÿ T 1 Þ=ðlog N ÿ log NoÞ; where T 1 is the first time point (minutes) and T 2 is the second time point of the exponential phase, No is the number of bacterial cells at T 1 , and N is the number of bacterial cells at T 2 ; numbers of bacterial cells were calculated from the Klett units defined above.
Results
Mapping of ori and ter in Populations of S. typhi
We first needed to know the genome balance status of the bacteria in different populations of S. typhi in order to further examine a correlation between genomic imbalance and rearrangement. Taking advantage of S. typhi for its highly conserved endonuclease cleavage sites and thus efficient point-to-point genomic comparisons among the strains, we mapped ori and ter for 125 S. typhi isolates through comparison with the sequenced S. typhi genomes (Parkhill et al. 2001; Deng et al. 2003) . The overall genome structure had first been determined by the I-CeuI technique (Liu and Sanderson 1996) and ambiguities of the orientations of ICeuI A and C clarified by long range polymerase chain reaction (Kothapalli et al. 2005) . We used AvrII in most cases to locate ori and ter in these strains, occasionally confirming the locations by XbaI or SpeI. Figure 1 shows the AvrII cleavage patterns of S. typhi strains Ty2 and CT18 ( fig. 1A) and their genome structures shown as linear maps for a more convenient comparison (fig. 1B) . In Ty2, ori is 3,750 kb clockwise from thrL (arbitrarily used as 0 kb) and ter is 1,544 kb from thrL (between narY and ansP). The genome size of Ty2 is 4,792 kb, so ori to ter clockwise is 2,586 kb or 194°and counterclockwise is 2,206 kb or 166°, leading to the ori-ter physical distances 14°off balance. CT18 has a similar AvrII cleavagepattern,withfourapparentbandingdifferencescompared with Ty2 ( fig. 1A ) as a result of DNA rearrangements in rrn operons (fig. 1B) . The inversion of I-CeuI A fragment in CT18 relative to Ty2 brings ter from 1,544 kb to the 1,435 kb position ( fig. 1B) , making the genome better balanced.
Among the 127 S. typhi strains analyzed including Ty2 and CT18, we resolved 22 genome types (GTs), from GTs 1 to 27, with GTs 10, 12, 15, 19, and 20 being predicted but not yet observed (table 1) . Each GT was further divided into subtypes according to the orientations of I-CeuI A or I-CeuI C. As shown above, the main difference in genome structure between Ty2 and CT18 is the orientation of I-CeuI A; we arbitrarily assigned the Ty2 orientation of I-CeuI A as subtype a and the CT18 orientation as subtype b. Similarly, I-CeuI C in most S. typhi strains was oriented in the same way as in S. typhimurium LT2, which is true also for Ty2 and CT18; we assigned this I-CeuI C orientation as subtype c. Rarely, some S. typhi strains had the other I-CeuI C orientation and we assigned this as subtype d (table 1) . These GTs could be grouped into three broad categories according to their severity of genome imbalance: (1) GTs 1-6 were most commonly observed (100 of 127 strains), with the genomes being 6°or less off balance; (2) GTs 7-24 were much less frequent (24 of 127 strains), with the genomes up to 31°off balance; and (3) GTs 25, 26, and 27 each had only one strain, with the genomes 55, 43, and 54°o ff balance, respectively. Figure 2 shows genome structures of representative strains for the three categories.
Divergence of Genome Structure Within a Single S. typhi Strain
The requirement for a better balanced genome to keep an optimal bacterial growth rate and the availability of multiple homologous loci for recombination to facilitate genome rearrangement prompted us to speculate the presence, in a given S. typhi strain, of minority populations that might have genome structures different from that of the parent strain, with the potential to dominate if they were better balanced. We looked into this issue by starting a culture of CT18 with a single colony and streaking the culture onto LB plates. We picked up 100 colonies and mapped the bacterial genomes. We found that bacteria from three of the 100 colonies had different genome structures ( fig. 3) .
These three CT18 derivatives, CT18-1, CT18-2, and CT18-3, all had inversions but at different loci, making the ''net'' balance status unchanged (CT18-2; note that the 6°off balance is on the other side of ori compared with the wild-type CT18) or worse (CT18-1 and CT18-3) relative to CT18. Among these three, CT18-1 and CT18-2 made colonies with indistinguishable morphology compared with the wild-type CT18, whereas CT18-3 made small colonies and its genome was very unbalanced. The fact that none of the three had a better balanced genome may explain why these CT18 derivatives did not become dominant, although we still believed that a derivative would increase in proportion in the population if it became better balanced (see Selection for Bacterial Cells with Better Balanced Genomes Under Stressed Conditions for supportive evidence). Such minority populations were also detected in many other S. typhi strains at very different frequencies, depending on how well the genome in the parental strain was balanced. For example, we did not find any rearrangement in S. typhi strains with genomes only 1-2°off balance; on the other hand, rearrangement was detected at high frequencies in strains with very unbalanced genomes, such as in SARB63, in which the genome was as much as 55°off balance (see below).
Selection for Bacterial Cells with Better Balanced Genomes Under Stressed Conditions
To further correlate high frequencies of genome rearrangement with high levels of genome imbalance, we FIG. 1.-Genome structure comparison between Salmonella typhi Ty2 and CT18. (A) AvrII cleavage patterns of genomic DNA on pulsed field gel electrophoresis. Lanes: 1, Ty2; 2, CT18; 3, k DNA concatemer as size marker. Cleavage fragments are labeled alphabetically from largest to smallest for Ty2; homologous fragments in CT18 are labeled according to Ty2. Arrowheads indicate differences between the two strains. For example, there is no AvrII C band in CT18 because it is split into two parts in CT18 due to the inversion of I-CeuI A (see the inversion on the maps in ''B''). Most of the other cleavage sites are conserved. (B) AvrII cleavage maps, with the previously constructed I-CeuI maps aligned to the AvrII maps to show the ends of the I-CeuI A inversion (i.e., rrnG and H).
FIG. 2.-Representative
GTs of the three main categories: 26T7 and 26T4, both of GT 3, representing category 1 (categories 3a and 3b differ in orientations of I-CeuI A fragment; see text for details); Ty2, GT 9, representing category 2; and SARB63 (GT 25) and 701Ty (GT 27) representing the most diverse category 3. applied a stressed condition, Caco2 epithelial cell invasion, on S. typhi to see whether we could detect higher frequencies of cells with better balanced genomes than that of the parent strain, assuming that cells with better balanced genomes would have better coordinated life activities considering more optimal growth rate as well as gene dosage factors in bacteria with better balanced genome (Liu and Sanderson 1995d) . Remarkably, cells of SARB63 that passed the Caco2 monolayer exhibited a great diversity in colony size on LB plates ( fig. 4A ). SARB63 cells from colonies of different sizes had different genome structures, with those in larger colonies having better balanced genomes ( fig. 4B) .
We assumed that, among the benefits that balanced genomes could render the bacteria, optimal time length for DNA replication might be most significant because any level of imbalance would result in extended replication time in one half of the genome between ori and ter. Growth curve analysis showed greatly shorter generation times in cells with better balanced genomes (table 2).
Discussion
Different genome arrangements have a different ori-ter balance. The data presented here show that an ori-ter imbalance is associated with a reduced growth rate and that balanced GTs are more common in the S. typhi population. This supports the rearrangement-for-rebalancing model, which states that genome rearrangement might quickly become detectable in bacteria as they respond to genome balancedisturbing events and play a key role in rebalancing the genome. As most Salmonella lineages have the highly conserved S. typhimurium-type genome structure (Liu et al. 1999) , we presume that they already have a balanced genome and so do not need to rearrange it for better fitness. On the other hand, a number of Salmonella serovars have large insertions, and they usually also have rearranged genomes (Liu and Sanderson 1998; Liu et al. 2002) , which is consistent with the model. In this regard, genome plasticity, or diversity of genome structure, in S. typhi could best be interpreted as the result of nonprecise balance restoration through rearrangements in the extant GTs, which points to a possibility that genome structure diversification by rearranging would become undetectable once precise genome balance has been reached in a line of cells and these cells would take over all S. typhi populations. In fact, we had seen such a case in another host-adapted Salmonella typhoid agent, S. paratyphi A (Liu and Sanderson 1995a) . The genome of S. paratyphi A strain ATCC9150 has an increased size of DNA of about 100 kb in I-CeuI fragment A, which is about half of the genome, and this half genome is inverted compared with most Salmonella genomes. We postulated that this inversion in ATCC9150 might have helped rebalance the genome (Liu and Sanderson 1995a) , and genomic sequencing has confirmed that this strain indeed has a balanced genome ). As the rearranging-for-rebalancing model would predict, S. paratyphi A does not exhibit diverse genome structures, and all analyzed wild-type strains of S. paratyphi A have the same genome structure (Liu and Sanderson 1995a) .
Analysis of genome rearrangement may help to trace the evolutionary route of a given bacterial lineage leading to a pathogen, capturing the specific events associated with acquisition of pathogenicity and change of host range. For example, characterization of specific genomic features of S. typhi may help elucidate the origins of typhoid pathogenesis and the molecular basis for strict host adaptation, providing insights into emergence of new pathogens and host-parasite interactions.
It is of interest to note another peculiar genome feature of S. typhi, that is, the relatively high copy number of the insertion sequence IS200, which exists in many Salmonella species and some Shigella species (Lam and Roth 1983, 1986; Gibert, Barbe, and Casadesus 1990; Gibert et al. 1991; Beuzon, Chessa, and Casadesus 2004) . IS200 may provide homologous sites for recombination (Alokam et al. 2002) and its copy number may reflect its levels of activeness in genome rearrangements: S. typhimurium has only six copies of IS200 ) and the genome structure is stable, whereas S. typhi has as many as 25 copies of IS200 (Parkhill et al. 2001) , and the genome structure is highly plastic (Liu and Sanderson 1996) . Two out of the three inversions in S. typhi CT18 derivatives shown in figure 3 were not in rrn genes and may possibly be mediated by IS200. Thus S. typhi, and perhaps also other host-adapted Salmonella, have both the need (to rebalance the genome) and the ''facilities'' (multiple copies of IS200 in addition to rrn operons to mediate homologous recombination) to rearrange the genome toward optimal fitness. 
